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Abstract Microbial life in the harsh conditions of Ant-
arctica’s cold desert may be considered an analogue of
potential life on early Mars. In order to explore the
development and survival of this epilithic and endolithic
form of microbial life, our most sophisticated, state-of-
the-art visualization technologies have to be used to
their full potential. The study of any ecosystem requires
a knowledge of its components and the processes that
take place within it. If we are to understand the structure
and function of each component of the microecosystems
that inhabit lithic substrates, we need to be able to
quantify and identify the microorganisms present in
each lithobiontic ecological niche and to accurately
characterize the mineralogical features of these hidden
microhabitats. Once we have established the techniques
that will allow us to observe and identify these micro-
organisms and mineral substrates in situ, and have
conﬁrmed the presence of water, the following questions
can be addressed: How are the microorganisms orga-
nized in the ﬁssures or cavities? Which microorganisms
are present and how many are there? Additional ques-
tions that logically follow include: What are the existing
water relationships in the microhabitat and what eﬀects
do the microorganisms have on the mineral composi-
tion? Mechanical and chemical changes in minerals and
mineralization of microbial cells can give rise to physical
and/or chemical traces (biomarkers) and to microbial
fossil formation. In this report, we describe the detection
of chains of magnetite within the Martian meteorite
ALH84001, as an example of the potential use of SEM-
BSE in the search for plausible traces of life on early
Mars.
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Background
The term biocomplexity has recently been used with
reference to the study of an ecosystem at the highest
level. The analysis of an ecosystem or a microecosystem,
which is performed at a scale of hundreds of cubic mi-
crons, requires knowledge of its components and their
dynamic interrelations. The great scientiﬁc interest in
exploring the ecology of Antarctic, lithobiontic micro-
organisms may be attributed to the fact that they are the
only known form of life able to withstand the conditions
of this extremely cold and dry macro- and micro-envi-
ronment of our planet.
Microbial ecology studies in the Dry Valley area of
the Ross Desert (Antarctica) commenced in 1976, when
E. I. Friedmann and R. Ocampo reported their obser-
vation of cyanobacteria (i.e. Gloecapsa) within the Bea-
con sandstone [10]. This demonstration of the presence
of indigenous microbiota colonizing the inside of Ant-
arctic desert rocks was a landmark eventin extreme en-
vironment microbial ecology. Since then, several species
of endolithic cyanobacteria, fungi and protolichens have
been described [see review in 25]. Scientiﬁc interest in
these lithobiontic microorganisms may be ascribed to
several reasons. First, the Antarctic Dry Valley desert
zone represents the most hostile lithic environment for
the survival of living organisms on Earth. Under the
extreme low-temperature conditions of some areas of
the Ross Desert (mean annual temperature –25 C), the
metabolic activity of endolithic microorganisms can only
be sustained for a couple of days per year [11,12].
However, although scarce, the occasional presence of
liquid water in this ecological system is the primary
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condition for the existence of life in Antarctica [15].
When the delicate balance of biological, geological and/
or climatic factors is upset and microbial life decays, the
presence of microbial fossils [27] and/or biomarkers [28]
can indisputably indicate the previous existence of life.
The ability to recognize these fossils and the biomarkers
left behind may have important astrobiological impli-
cations. It has been suggested that the endolithic mi-
crobial ecosystems of the Antarctic desert are the closest
terrestrial models of the last stages of life on early Mars
[16]. Indeed, the microbial ecology of these lithobiontic,
extremophile microorganism communities could provide
clues to answering the challenging question of how life
(if ever present) became extinct on Mars. In the near
future, the scientiﬁc community will be given the op-
portunity to search for traces of past microbial activity
in carefully selected samples from the Martian regolith.
It is therefore extremely important that we improve our
knowledge of the microbial ecology of Antarctic desert
endolithic communities, so that we are able to conﬁ-
dently identify live microorganisms and their traces.
According to Conrad and Nealson [5], when we can
easily recognize life in Earth’s environments, we will be
prepared to move beyond the conﬁnes of our planet.
How should we approach the study of Antarctic
lithobiontic microorganisms?
Given the complexity of cold desert ecosystems, and
considering that microbial ecology involves the study of
the relationships that microorganisms have with their
natural environment, these investigations need to be
performed in the natural lithobiontic microhabitat. T.
D. Brock [4], who deﬁned microbial ecology as the study
of microorganisms in their natural environment, pro-
posed that the investigator should work on microor-
ganisms in situ. Our interpretation of this is that the
epilithic or endolithic microhabitat must not be dis-
turbed. The study of microorganisms adhered to or
found inside a rock presents enormous diﬃculties.
Nevertheless, the biological and mineralogical compo-
nents of the microhabitat in each lithobiontic ecological
niche [14] need to be precisely characterized in order to
understand the range of dynamic relationships among
them. If the microorganism-substrate interface is ex-
amined using appropriate in situ observation techniques,
we should be able to morphologically characterize the
biological elements present and also observe their ul-
trastructure. It should also be possible to characterize –
at the morphological and structural levels – minerals
close to the microorganisms, to give us some idea of how
the interface functions. In lithic substrates, the study of
each lithobiontic ecological niche requires the ability to
quantify and identify the microorganisms present and to
characterize the mineralogical features of the micro-
habitat in order to understand the structure and func-
tion of the microecosystem. This may be achieved using
a series of new techniques of in situ observation of mi-
croorganisms and mineral substrates. Based on our ex-
perience in the in situ study of lithobiontic
microorganisms [e.g. 25], we strongly recommend the
following microscopy (and microanalysis) techniques:
scanning electron microscopy with back-scattered elec-
tron imaging (SEM-BSE) combined with an energy-
dispersive X-ray spectroscopy (EDS) microanalytical
system, low-temperature SEM (LTSEM) and confocal
laser scanning microscopy (CLSM).
Scanning electron microscopy with back-scattered
electron imaging combined with a microanalytical
system
The SEM-BSE method consists of two steps. The ﬁrst is
sample preparation, which involves ﬁxing the rock
fragments in glutaraldehyde, staining with osmium tet-
raoxide and/or uranyl acetate, and preparing ﬁnely
polished blocks containing the samples embedded in
resin [22]. In the second step, a transverse section of the
carbon-coated biological-mineralogical sample is ob-
served using the BSE detector. The BSE signal is
strongly dependent on the mean atomic number of the
target. Thus, the SEM-BSE technique not only permits
visualization of samples with diﬀerent inorganic features
but also allows heavy-metal-stained ultrastructural ele-
ments to be identiﬁed in the biological material. Cou-
pling of an EDS facility to the SEM-BSE instrument
permits the chemical characterization (qualitative and
quantitative determination of elements and elemental
spatial distribution images) of mineral features [23,24].
Figure 1a, b, Fig. 2a–g, and Fig. 3a–d are SEM-BSE
images of lithobionts and their mineral substrates in
Antarctic rocks.
Confocal laser scanning microscopy
The ability to clearly visualize endoliths using CLSM
suggests its suitability for in situ microbial ecology
studies of such diﬃcult habitats. Community structure
and relationships between their components may also be
examined using ‘‘live-dead’’ microbial stains and ﬂuo-
rescent probes. Figure 1d shows a CLSM image of a
cryptoendolithic protolichen from Antarctic sandstone.
Moreover, information on the spatial distribution of the
microorganism’s cells may also allow an estimate of the
number of microorganisms occupying a particular pore
volume in any type of rock or environment. In the fu-
ture, it may also be possible to combine CLSM with
ﬂuorescent in situ hybridization (FISH) to identify dif-
ferent groups of microorganisms inside the rock. So far,
the direct PCR-ampliﬁcation of the internal transcribe
spacer (ITS) regions of rDNA from an endolithic fungi
has been achieved and the results compared with that of
the mycobiont of the closest epilithic lichen thallus
(A De los Rios, C. Ascaso, H. Grube, Mycological
Research. 106, 2002. In Press).
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Low-temperature scanning electron microscopy
The traditionally used method of room temperature
SEM in secondary electron (SE) detection mode gives
rise to topographical images of the rock interior but
yields only an external morphological description of the
endolithic cells. This morphology provided by SEM-SE,
working under high vacuum or with environmental
SEM performed at normal atmospheric pressure, gen-
erally fails to provide the investigator with suﬃcient
information to be able to discern the diﬀerent microor-
ganisms found in a pore or ﬁssure. Furthermore,
working at room temperature or under vacuum it is not
possible to see the microhabitat’s water or ice, which is a
very important component if we are to understand the
ecological processes that take place.
The use of LTSEM oﬀers several advantages for the
in situ investigation of endoliths in rock samples from
the Ross Desert. LTSEM techniques permit the preser-
vation of whole specimens in a close-to-natural state,
since samples are ultra-rapidly cryoﬁxed, causing the
quick and complete immobilization of cells in their
original state. Some of the cryoﬁxed cells may also be
randomly cut to reveal ultrastructural elements. LTSEM
also enables the user to observe the polymeric matrix
structure (EPS) in a hydrated state. Moreover, the hy-
dration stage and/or presence of water (ice) in both bi-
ological and inorganic components can be determined.
Which features of the ecology of lithobiontic
microorganisms can be explored?
Organization of microorganisms in ﬁssures or cavities
Once we have the adequate techniques, the ﬁrst question
posed might be related to the organization and location
of endoliths within cracks, ﬁssures and pores. Using the
SEM-BSE and CLSM, we were able to conﬁrm the
presence of a narrow biotic band 1–2 mm below the
rock surface in sandstone (orthoquartzite) from the Ross
Desert. This zone is mostly occupied by cryptoendolithic
protolichens (see CLSM image in Fig. 1d). These pro-
tolichens have a diﬀerent internal organization com-
pared to the usual epilithic thalloid lichen. Their
mycobiontic hyphae show lax growth inside the rock
pores. A lack of coherent plectenchyma was also noted.
The hyphae act as bridges for glomeruli formed by algae
and hyphae via the spaces among quartz grains. CLSM
does not allow the quartz grains to be visualized, but
their position has been marked in Fig. 1d with stars. The
spatial relationship among diﬀerent organisms estab-
lished by this technique can help us begin to understand
the interrelations between microorganisms. Their posi-
tion in the pore/ﬁssure microhabitat will be associated
with their ﬂuorescence ability. In narrow ﬁssures and
cracks in granite from maritime Antarctica, microor-
Fig. 1a–d Endolithic microor-
ganisms in Antarctic rocks.
a SEM-BSE image of a crypto-
endolithic protolichen within
the ﬁssure of granite rock from
maritime Antarctica. Arrows
algae, open arrow hyphal cells.
b SEM-BSE detailed view of a
cryptoendolithic lichen photo-
biont (granite). A Algae, H
hyphal cells, ch chloroplast, py
pyrenoid zone, cw cell walls.
c LTSEM image showing tufts
of ice crystals. W Indicative of
the presence of water, H hyphal
cells. d CLSM image of a 3D-
reconstructed cryptoendolithic
protolichen colonizing a deep
pore space between quartz
grains (stars) in Antarctic
sandstone rocks. A Photobiont
cells, H mycobiont cells
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ganisms were detected at a depth of up to 5 mm
(SEM-BSE image in Fig. 1a).
Establishing the number of microorganisms per unit
microhabitat volume
Crustose, endolithic lichens and protolichens, and en-
dolithic microorganisms have been rarely investigated
by ecophysiological methods, due precisely to their in-
tricate connection with the substratum. Some studies in
which gas exchange was determined have provided ap-
proximations of the biomass of Antarctic endolithic
microorganisms. Confocal microscopy allows microor-
ganisms to be visualized inside ﬁssures in three dimen-
sional form and so their number can be estimated. The
CLSM option of estimating the number of microor-
ganisms per unit volume of the pore or ﬁssure and
knowing whether a microorganism shows photosyn-
thetic capacity, such as algae or cyanobacteria, allows a
much more precise interpretation of gas exchange data
obtained in situ on the surface of Antarctic rocks.
Fig. 2a–g SEM-BSE images of
inorganic biogenetic deposits –
biomarkers and lithobiontic
communities in Antarctic rocks.
a Diagenetic Fe-oxyhydroxide
and aluminosilicate deposits
(arrows) around live hyphal
cells (H). b EDS spatial distri-
bution of Fe corresponding to
a. c Live endolithic bacterial
colony (open arrow) and asso-
ciated diagenetic Fe-rich
deposits-inorganic collapsed
bacterial biomarkers (bright
structures). d Diagenetic
Fe-oxyhydroxide and alumi-
nosilicate deposits (arrows)
around a live cyanobacterial
colony (CB). m Bioweathered
biotite sheets. e Diagenetic alu-
minosilicate clay (asterisk) and
Fe-oxyhydroxide (Fe-ox)
biomarkers around decaying
hyphal cells (black arrows).
H Live hyphae cells, open arrow
live bacterial colony. f Calcium
oxalate deposits (oxa) around
live fungi (H) and their crusts.
g Silica biogenetic deposit with
holes (asterisks) in close prox-
imity to bacteria (open arrow)
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Gaining knowledge on the structural characteristics
of biotic and abiotic components and identifying the
former
This is very important question from the point of view of
microbial ecology. It is highly probable that most
Antarctic endoliths cannot be successfully cultured un-
der laboratory conditions. This means they are viable
but not culturable. Thus, the only possibility is in situ
study of the microorganisms and their morphological
and ultrastructural characteristics through SEM-BSE.
However, this strategy can only be applied when the
diﬀerent cell structures can be recognized, since only
when we become familiar with something are we able to
subsequently recognize it. A lithic bioﬁlm is formed by
prokaryotic and eukaryotic microorganisms in close
proximity with minerals and extracellular polymeric
substances. SEM-BSE has proved to be of great use in
determining which type of microorganisms and minerals
comprise the lithic bioﬁlm. Its use in situ enables the
presence of cryptoendolithic protolichens (Fig. 1a) to be
demonstrated. These protolichens consist of photobiont
cells (Fig. 1a, white arrows) with characteristic ultra-
structural elements, such as lipid bodies, chloroplasts
and pyrenoid zones (shown in Fig. 1b), and hyphae
(open arrow in Fig. 1a). Cyanobacteria are the pre-
dominant microorganisms in these cryptoendolithic
communities (SEM-BSE images in Fig. 2d). Other eco-
logical niches are colonized by fungi (Figs. 2a, e, f) and
endolithic bacteria (open arrows in Figs. 2c, e, g). The
CLSM technique serves to identify diﬀerent groups of
microorganisms by FISH. The use of a speciﬁc ﬂuores-
cent riboprobe, which hybridizes in situ to the rRNA of
a particular microorganism, might permit the identiﬁ-
cation and localization of diﬀerent microorganisms
within their substrate. Characterizing microorganisms
and mineral structures by SEM-BSE combined with
CLSM-FISH identiﬁcation of the microorganisms could
allow all the components of a microhabitat to be rec-
ognized and the processes going on within it (i.e., its
biocomplexity) to be understood.
Localizing water in the microhabitat’s components
Over the past few years, LTSEM has proved to be a
valuable technique for the evaluation of structural
changes occurring in epilithic lichen thalli of diﬀerent
water contents [e.g., 6]. LTSEM enables the ultrastruc-
ture of hydrated frozen microorganisms, and the EPS in
the frozen hydrated state to be observed, and also lo-
calizes water (ice) in microorganisms and near-by min-
erals. Rock moisture is generally too low for the
activation of endolithic photosynthetic microorganisms,
Fig. 3 a SEM-BSE image of
fossilized cryptoendolithic pro-
tolichen cells within Antarctic
sandstone rock from Mt.
Fleming. A algae, H hyphae.
Mineralized ultrastructural ele-
ments: cw cell walls, ch chlo-
roplast membrane, py pyrenoid
zone within the fully-mineral-
ized algal cells. Long white
arrow EDS microprobe scan-
line proﬁle; asterisks cw zone.
b EDS scan-line of relative
concentrations of Al, Si, K and
Fe along the white arrow in
a. Asterisks Cell wall zone rich
in Fe. c, d SEM-BSE image of
fossilized cells (sandstone from
Mt. Fleming) of unidentiﬁed
microorganisms showing the
presence of a mineralized cell
wall structure (cw)
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but small amounts of water have been detected in the
hyphae of ‘‘dehydrated’’ protolichens. Figure 1c show
an LTSEM image of cryptoendolithic hyphae. The
bright ‘‘tufts’’ in the image correspond to zones where
ice crystals formed after sample fracturing, indicating
the previous presence of liquid water or ice, probably in
the apoplastic channels of the fungal cells.
Relationships between microorganisms and their
environment (i.e., surrounding minerals)
Mechanical and chemical changes in bioweathered
minerals can leave behind physical and/or chemical
signs (biomarkers). These traces of past microbial
activity are best explored using SEM-BSE combined
with an EDS microanalytical system. Physicochemical
changes in biotite caused by microbial activity at the
microorganism-substrate interface of Antarctic rocks
have been recently reported [26]. The biophysical
weathering of biotite gives rise to exfoliation and on-
dulation of biotite sheets as a result of microbial
growth between these sheets and moisture-dependent
expansion and contraction processes, as well as those
produced by freezing-thawing. The SEM-BSE image in
Fig. 2d shows bioweathered layers of micaceous min-
eral close to endolithic cyanobacteria in Antarctic
sandstone. Biochemical alteration of biotite in Ant-
arctic rocks leads to potassium depletion from the
biotite layers in zones of direct contact between hyphae
and mica sheets [26]. Microorganisms act as sinks for
potassium and promote biotite weathering [2]. Biotite
biochemical weathering leading to potassium depletion
and thus its transformation to vermiculite interstratiﬁed
biotite has been reported [23,24].
Biomarkers of microbial activity in Antarctic rocks
Physicochemical bioweathering patterns of minerals, if
well established, may be considered inorganic biomar-
kers. The term ‘‘biomarker’’ refers to the traces left by
living microorganisms due to their biological activity.
We recently demonstrated that some of the minerals in
Antarctic rocks are biologically transformed, and, as a
result, Fe-rich biogenic minerals in the form of iron
oxyhydroxide nanocrystals and biogenic clays are de-
posited around chasmoendolithic hyphae and bacterial
cells [28]. Owing to their ability to immobilize cations, it
has been previously demonstrated that fungi and bac-
teria may act as nucleating agents for Fe-oxyhydroxide
and aluminosilicate, and give rise to ﬁne-grained min-
erals [7,8,9,19,21].
The SEM-BSE images presented herein show iron
oxyhydroxide deposits around live endolithic Antarctic
hyphal (Fig. 2a), bacterial (Fig. 2c) and cyanobacterial
(Fig. 2d) cells. In other cases, the bioweathering of mi-
caceous minerals leads to the formation of diagenetic
Fe-rich aluminosilicates (asterisk in Fig. 2e). When en-
doliths decay, the presence of Fe-oxyhydroxide deposits
and Fe-rich diagenetic minerals can be interpreted as
biomarkers, either because they contain remnants of
ultrastructural cell elements or because it is possible to
demonstrate the transition from deposits around live
cells to deposits with no apparent cellular remains [28].
Calcium oxalate crystals are another example of bio-
markers of microbial biochemical activity found around
endolithic hyphae from Antarctic granite (Fig. 2f). This
biomineral arises from the oxalic acid produced by fun-
gal hyphae. Even when hyphal cells have decayed, the
surrounding oxalate crystals preserve the characteristic
morphology of the deposits, with oxalates forming crust
around the empty holes. In some epilithic lichen thalli
colonizing Antarctic granite, large deposits composed of
silica with characteristic holes have been observed by
SEM-BSE (asterisks in Fig. 2g). This rock also contains
colonies of bacterial cells (arrow in Fig. 2g). It may not
be inferred whether bacteria were originally responsible
for the formation of these silica deposits, yet their
characteristic morphology and the proximity of bacteria
and hyphae (the latter are not shown in Fig. 2g) indicate
these deposits are an example of an inorganic biomarker.
Microbial fossils in Antarctic rocks
The search for microbial fossils is more revealing when
eﬀorts are centered on detecting microbial activity rather
than on deﬁning what is or is not the biomarker. Mi-
crobial fossil formation may take place when extensive
biomobilization of elements occurs during biological
activity, as well after the decay of microbes. Recent
application of SEM-BSE (EDS) has allowed us to
demonstrate the presence of microbial fossils within
Antarctic sandstone rocks collected from the Ross De-
sert for the ﬁrst time [1,25,27,28]. We consider this
technique an ideal tool for the detection, description,
and characterization of microbial fossils, since the in situ
study of inorganic biomorphs sometimes allows internal
cell structures within fossilized cells to be recognized.
Indeed, we propose this feature as a new criterion for
establishing the biogenicity of biomorphs. Experience
and previous knowledge of internal cell structures
gained by SEM-BSE and transmission electron micros-
copy techniques are required. Here we present examples
of fossilized microbial cells found within sandstone
rocks. The SEM-BSE image in Fig. 3a shows a group of
fossilized algal and hyphal cells. Note that ultrastruc-
tural elements such as chloroplasts, cell walls, and pyr-
enoid zones could be distinguished. Microanalytical
(EDS scan-line) determination of the chemical compo-
sition of a fossilized algal cell (Fig. 3b), indicates Si ac-
cumulation in the center of the fossilized cell and higher
Al, K, and Fe concentrations in the chloroplast zone.
The EDS scan-line shows the presence of iron mostly in
the fossilized cell walls (asterisks in Figs. 3a, b). In some
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images of fossilized microbes, only the cell wall can be
clearly distinguished (SEM-BSE images in Figs. 3c, d).
However, based on the criteria for biogenicity described
elsewhere [18,27], we consider these structures to be
microbial fossils.
Characterizing plausible biomarkers in Martian
meteorite ALH84001
Fine-grained magnetite has been observed in the Fe-rich
rims around carbonate globules in Martian meteorite
ALH84001 [17,20]. The authors suggested that these
magnetite crystals were similar to those formed by ter-
restrial magnetotactic bacteria and may therefore be the
fossil remains of Martian organisms. Based on radio-
active isotopic characteristics of Mg-Fe-Ca-rich car-
bonate globules, it has been demonstrated that these
carbonates were formed 3.9±0.04·109 years ago, a time
when there was water on the surface of Mars [3]. Ac-
cordingly, there is no doubt as to the Martian origin of
these magnetite crystals embedded within the carbonate
globules [13].
Terrestrial magnetotactic bacteria produce well-or-
dered, intracellular magnetite crystals (magnetosomes
shown in the SEM-BSE image in Fig. 4a) characterized
by speciﬁc properties that include: restriction of particle
size and shape to the single-domain ﬁeld, lack of internal
defects, presence of unique magnetite crystal morpho-
logies, and arrangement of magnetosomes as charac-
teristic linear chains [20]. Magnetotaxis in bacteria
leading to the formation of such magnetosomes is a very
special biological adaptation to the Earth’s magnetic
ﬁeld. To date, no inorganic process is known to give rise
to structures such as these magnetite chains.
The most signiﬁcant observation we reported [13] was
the presence of numerous chains composed of up to 15
magnetite crystals in Martian meteorite ALH84001.
Observation of these chains was possible only through
the application of SEM-BSE. Back-scattered electrons
provide an extremely useful signal related to composi-
tion, local specimen surface inclination, crystallography,
and internal magnetic ﬁeld. The back-scattered electrons
are not only emitted from the sample surface but also
from within the depths of the electron aﬀected target.
Figure 4b shows a cluster of magnetite crystals from a
small carbonate grain embedded in orthopyroxene.
Within this mixture of crystals, a chain of eight mag-
netite crystals was observed (arrow in Fig. 4b). The
SEM-BSE image in Fig. 4c shows diﬀerent examples of
magnetite-composed chains observed within the Fe-Mg-
Ca-rich carbonate matrix. To rule out any possible
doubts concerning the composition of these Fe-rich
chain-forming grains, we used an Auger electron spec-
troscopy (AES) nanoprobe and an EDS microanalytical
system. This allowed chemical identiﬁcation of the chain
structures as iron oxides. Five characteristics of mag-
netite chains (uniform crystal size and shape within
chains, gaps between crystals, orientation of elongated
crystals along the chain axis, ﬂexibility of chains, and a
halo that is possibly a remnant of a membrane around
chains), observed or inferred to be present in magneto-
tactic bacteria yet incompatible with a nonbiological
origin, were shown. We can safely rule out any potential
terrestrial contamination and/or preparation artifacts
based on: (1) the Martian origin of the carbonate glob-
ules, (2) several carbonate grains containing magnetite
chains were enclosed in plagioclase glass from Mars, (3)
the interior of small ALH84001 chips kept in uranyl
acetate solution under vacuum remained free of uranyl
contamination in the Fe-rich zones, and (4) chains were
also detected by SEM-BSE in the untreated freshly
fractured Martian rock samples. In terrestrial sediments,
these chains are considered indisputable biomarkers of
the previous presence of bacteria in the material that
gave rise to the sediments. However, we cannot preclude
the possibility of chemical reactions occurring on Mars
that are unknown on our planet. Through an inorganic
process, these reactions may have yielded the chains of
magnetite in ALH84001 discovered by us.
According to the hypothesis described in [13], we
propose the following tentative scenario to explain the
Fig. 4 a SEM-BSE image of a
magnetosome chain in a
freeze-dried culture of Mag-
netospirillum magnetotacticum.
b SEM-BSE micrograph of a
chain of eight elongated mag-
netite particles aligned along
their long axes found within the
Martian meteorite ALH84001
(arrow). c Magnetite composed
chains (arrows) observed within
the Fe-Mg-Ca-rich carbonate
matrix (ca) of the ALH84001
meteorite
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presence of magnetite chains in meteorite ALH84001:
decomposed remains of dead magnetotactic bacteria,
possibly suspended in a carbonate-rich ﬂuid, penetrated
the ﬁssures of ALH84001, and single magnetite crystals
and chain fragments were deposited in the carbonate
globules.
Conclusions
There is an obvious need for extensive further work on
live lithobiontic Antarctic microorganisms, their inor-
ganic biomarkers, and microbial fossil formation. As we
continue to learn more about the survival mechanisms
used by these microorganisms and the processes that
lead to the formation of inorganic remains of live mi-
crobial cells, novel procedures for the detection of life
are likely to emerge. In our opinion, the in situ exam-
ination of the interior of Antarctic rocks using SEM-
BSE, microanalytical EDS, LTSEM and CLSM might
be the best option available to improve our knowledge
of these extreme cold and dry microbial habitats. It is
foreseen that this type of work will have applications in
astrobiological investigations performed on geological
material obtained from Mars.
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